of CLIP-170 with tubulin oligomers [13] . In yeast, the crease of the catastrophe frequency for increasing growth rates in both cases. For similar growth rates, binding of CLIP-170 homologs at microtubule ends requires a motor-dependent transport process [16, 17] .
catastrophe frequencies were identical with or without H2, suggesting that H2 had not a direct effect on catasThese various mechanisms do not exclude the involvement of other proteins, like kinases or MAPs, to regulate trophes but rather indirectly decreased their frequency by increasing the growth rate. On the other hand, resthe affinity of CLIP-170 for tubulin and/or microtubules [18] [19] [20] . cues were strongly promoted by H2 compared to the control where such events were almost nonexistent (FigIn this study, we have investigated how the N-terminal part of CLIP-170 (H2) affects microtubule assembly and ures 1A and 1D). This strong effect on rescues is illustrated by comparing the life-histories of four microtudynamics in vitro. We found that H2 increased the growth rate and promoted rescues of microtubules polybules assembled without and with H2 ( Figure 1E ). The tubulin concentrations (7 M for the control and 5 M merized from pure tubulin and isolated centrosomes, and stimulated microtubule nucleation. Electron cryomiin the presence of H2) were chosen to obtain similar values for the growth rate and the catastrophe frequency croscopy revealed that H2 induced the formation of tubulin rings, the number of which decreased upon micro-( Figure 1A ). The shrinkage rate was also affected by H2 and detubule self-assembly. Interestingly, H2 also increased the proportion of outwardly curled protofilaments at micreased 1.6 to 1.8 times compared to tubulin alone at the highest H2/tubulin ratios (1/3.5, 1/5, and 1/7, Figure crotubule ends in assembly conditions. These results suggest that CLIP-170 targets at the extremities of mi-1A) indicating that H2 binds to the microtubule lattice. However, this inhibiting effect tended to disappear for crotubules through copolymerization with tubulin and may also give some clues concerning how CLIP-170 the lowest H2/tubulin ratios (1/10 and 1/12), whereas both the growth rate and rescues were still stimulated. is restricted to microtubule plus ends and promotes rescues.
This result suggested that in these conditions, the effect of H2 was restricted to microtubule ends. To analyze this effect in more details, we assembled microtubules Results at a fixed tubulin concentration (7 M) and increasing concentrations of H2 ( Figure 1F ). H2 linearly increased H2 Primarily Promotes Rescues the growth rate up to 1.25 M H2 (spontaneous nucle-CLIP-170 has been shown to affect in vivo microtubule ation did not allow measurements above 1.5 M H2). In dynamics as a stabilizing regulating factor [14, 15] . To the presence of 1 and 1.25 M H2, the shrinkage rate determine whether CLIP-170 regulates by itself microtudecreased compared to tubulin alone but, as described bule dynamics or rather recruits a factor involved in this above, this inhibiting effect was clearly reduced for the process, we analyzed the effect of the N-terminal part lowest ratio of H2 versus tubulin (1/14). The catastrophe of CLIP-170 (named H2) on the dynamical behavior of frequency decreased with increasing concentrations of microtubules assembled from pure tubulin. For this pur-H2 as expected by the increase in the growth rate. Fipose, microtubules nucleated from centrosomes in the nally, H2 strongly promoted rescues at each concentraabsence and presence of H2 were analyzed by videotion used. Altogether, these results show clearly that H2 enhanced DIC microscopy [21] [22] [23] .
modulates directly microtubule dynamics, essentially by Briefly, centrosomes were preadsorbed on the surpromoting rescues, and thus, does not require other face of perfusion chambers followed by saturating the factors to induce this effect. glass with a solution of pure tubulin. Samples containing increasing concentrations of tubulin (from 3.5 to 12 M) H2 Stimulates Microtubule with or without 1 M H2 were then injected into the Spontaneous Nucleation chamber and observed under the microscope at 37ЊC.
The video-microscope analysis revealed that high conThe behavior of single microtubules was followed in real centrations of H2 stimulated microtubule spontaneous time and the parameters of dynamic instability were nucleation. Although this stimulation might not be reledetermined ( Figure 1A ). For microtubules assembled vant to the in vivo situation, we wondered if it could give both with and without H2, the average growth rate inus insight into the molecular mechanisms involved in creased linearly with tubulin concentration and was the effect of H2 on microtubule dynamics. moderately stimulated by about 25% in the presence of
One classical method used to analyze microtubule 1 M H2 compared to the control ( Figures 1A and 1B) . nucleation is to determine the critical tubulin concentraThe extrapolated threshold of microtubule assembly tion for self-assembly by following the changes in abfrom centrosomes decreased from 1 M with tubulin sorbance at 350 nm by spectrophotometry [25] . For tualone to 0.5 M with H2 ( Figure 1B) . bulin alone, we found a critical concentration of 21 M The catastrophe frequency was systematically de-( Figure 2A ). We could not determine a precise critical creased in the presence of H2 for identical tubulin contubulin concentration in the presence of H2 due to the centrations ( Figure 1A) . However, we wondered whether formation of microtubule bundles that abnormally inthis global decrease of the catastrophe frequency increased the turbidity during microtubule polymerization. duced by H2 compared to tubulin alone was not simply However, electron cryomicroscopy observation of midue to the growth rate stimulation [21, 24] . To test this crotubules assembled with 2.5 M tubulin in the preshypothesis, we plotted the catastrophe frequency verence of 1 M H2 ( Figure 2B ) showed that H2 reduced sus the growth rate for the control and in the presence at least 8 times the critical tubulin concentration (down to 2.5 M compared to 21 M with tubulin alone). of 1 M H2 ( Figure 1C) . The graph shows a marked de- To further characterize the effect of H2 on microtubule of H2 (0.16 M) was chosen to minimize as much as possible the formation of microtubule bundles. After 6 min self-assembly, 50 M tubulin was polymerized in the absence and in the presence of 0.16 M H2 and the of assembly, the total number of microtubules was 1.6 to 2 times higher in the presence of H2 compared to length and total quantity of microtubules were determined by negative staining electron microscopy during the control, and with a length distribution shifted down toward short microtubules (average length of 16 m with the assembly phase (arrows in Figure 2C , see Experimental Procedures for details). The low concentration H2 compared to 26 m without H2, Figure 2D ). These proportion of curled ends increased to 39%, while at curved tubulin oligomers could already be observed with 4 M H2, the majority of the structures observed were pure tubulin at 50 M (arrow in Figure 3B ). In addition, sheets, with (14.8%) or without (42.1%) curled extremiwhen the tubulin concentration was adjusted to 140 M, ties. A proportion of 33% of these sheets were free in the proportion of curved oligomers increased and a few solution (whereas no free sheets were observed in the control). rings with a radius of 17.6 Ϯ 1.9 nm, similar to that of Figure 5D shows the ring density distributions in specimens taken after 1 and 25 min of assembly. After 1 min, the background was clearly dominated by H2 Promotes Rescues and Stimulates Microtubule Self-Assembly rings while after 25 min, it was relatively clean with a vast majority of images showing no rings. In addition,
The video-microscope analysis revealed that the main effect of H2 was to promote rescues of microtubules the analysis of microtubule end structures in these conditions showed a low proportion of blunt ends (10.1%) nucleated by isolated centrosomes (Figure 1) , which is consistent with the rescue-promoting activity of CLIPand a high proportion of curled ends (30%) and sheets with or without curled extremities (59.9%) after 1 min of 170 in mammalian cells [15] . Our results also demonstrated that H2 directly modulated microtubule dyassembly ( Figure 5E ). After 25 min of assembly, the proportion of sheets decreased to 38.5% and blunt ends namics without the need of intermediate factors. The decrease in the catastrophe frequency that we observed increased to 26.5%. It should be noted that 51% of the sheets observed at the beginning of assembly were free in the presence of H2 was a direct consequence of the increase in the microtubule growth rate. In addition, the in solution whereas this proportion decreased to 24% after 25 min of assembly. Altogether, these results indishrinkage rate was reduced for H2/tubulin ratios above 1/10, indicating that in these conditions, H2 bound to cate that the tubulin rings observed in the presence of H2 are not a storage form of tubulin but may be directly the microtubule lattice and reinforced the lateral interactions between protofilaments. Interestingly, at lower H2/ involved in the assembly process. tubulin ratios, the shrinkage rate was not affected anymore while both the growth rate and rescues were still Discussion stimulated, suggesting that H2 has a higher affinity for microtubule ends than for the microtubule lattice. In The localization of CLIP-170 at microtubule plus ends remains unclear today and has been proposed to involve agreement with this result, CLIP-170 has been shown to bind all the length of microtubules when overexdifferent mechanisms such as recognition of microtu- vivo [12, 13] . The video-microscope analyaffinity of EB1 for the curved shape of tubulin observed sis revealed that at the lowest H2/tubulin ratios, the at microtubule ends, as we described for CLIP-170. Fureffect of H2 was restricted to microtubule ends where ther studies of the in vitro effect of ϩTIPs on microtubule curved oligomers were present, as demonstrated by dynamics and structure will be necessary to understand electron cryomicroscopy. We thus speculate that H2 clearly the different mechanisms underlying their funcmay have a higher affinity for the "curved" conformation tions. of tubulin compared to the "straight" one present in the microtubule wall ( Figure 6A (ii) ). Upon assembly, the analysis of the density of rings, the areas to be imaged were chosen Centrosomes purified from KE-37 lymphoblastic human cells [44, 45] at low magnification with the only criteria that the ice thickness was were first perfused into the chamber on ice at a final concentration of thin enough to be recorded on the negative. The images were thus 1.8 ϫ 10 7 centrosomes/ml. The surface of the perfusion chamber taken "blind" without a preselection of the density of rings present was saturated by flowing a large volume of pure tubulin. The mixture in the background. containing tubulin with 1 mM GTP in the absence or in the presence of H2 was incubated 10 min at 4ЊC before being perfused in the chamber and microtubule assembly was observed under an OlymImage Analysis Negatives were digitized with an Epson scanner at 1200 dpi. The pus BX51 microscope with its stage, objective and condenser heated to 37ЊC. The microscope was equipped with DIC (Differential radius of tubulin rings was measured using the NIH-Image Software. 
